Abstract-Individuals with insulin resistance and low cardiorespiratory fitness are frequently found to have an increased waist circumference and high exercise blood pressure. We tested the hypothesis that the relationships among insulin resistance, low cardiorespiratory fitness, and increased exercise blood pressure may be mediated by an elevated waist circumference. This study included 317 apparently healthy men and women (mean age: 34.8Ϯ12.8 years; mean body mass index: 26.1Ϯ5.2 kg/m 2 ). Exercise blood pressure values were measured using a submaximal ergometer test evaluating physical working capacity. Plasma insulin and glucose levels were measured during a 3-hour oral glucose tolerance test. Multivariate regression analyses showed that waist circumference accounted for 32.8% (PϽ0.0001) and 45.1% (PϽ0.0001) of the variance in exercise systolic blood pressure in men and women, respectively. Participants were classified into tertiles according to either insulin response, measured during the oral glucose tolerance test, or fitness levels and then further subdivided into 2 subgroups using sex-specific waist circumference thresholds. Individuals with an increased waist circumference (Ն94 cm and Ն80 cm for men and women, respectively) had higher exercise systolic blood pressure compared with individuals with low waist circumference, irrespective of their level of insulin resistance (10.6 versus 6.8, 12.2 versus 7.7, and 13.2 versus 8.7 mm Hg/metabolic equivalent, respectively, for the low, intermediate, and high tertiles; PϽ0.05) or fitness levels (13.1 versus 8.2, 12.0 versus 7.9, and 10.6 versus 7.1 mm Hg/metabolic equivalent, respectively, for the low, intermediate, and high tertiles; PϽ0.05). Individuals with a higher waist circumference have elevated exercise systolic blood pressure, regardless of their insulin sensitivity or level of cardiorespiratory fitness. (Hypertension. 2011;58:00-00.) • Online Data Supplement
I
t is well-documented that normotensive individuals with an elevated blood pressure (BP) response to exercise are at a higher risk of developing future systemic hypertension (HT). [1] [2] [3] [4] It has been reported that individuals characterized by elevated exercise BP may account for 5% 2 to 40% 5 of individuals at risk of developing cardiovascular disease. Because an abnormal BP response to exercise increases mortality risk from myocardial infarction and increases the risk of developing cardiovascular disease, 6 -8 identifying and understanding the key determinants of exercise-induced BP response is clinically relevant.
Recently, Carnethon et al 9 suggested that low cardiorespiratory fitness (CRF) is associated with incident HT and that improvement in CRF could prevent 34% of new HT cases. A previous report from our laboratory showed that, independent of CRF, individuals with greater visceral adipose tissue accumulation (measured directly by computed tomography) had higher resting systolic BP (SBP) and diastolic BP (DBP) than individuals with low levels of visceral adipose tissue. 10 Moreover, other investigators observed in women that there is an association between low CRF and higher exercise SBP (ExSBP) response during submaximal exercise, even after adjustment for resting SBP, heart rate, body mass index (BMI), age, and time to exhaustion. 11 However, the specific contribution of abdominal adiposity to exercise BP (after control for relevant covariates, including CRF) remains unclear, but some authors have suggested that this relationship could be related to arterial stiffness, a phenomenon caused by inflammation. [12] [13] [14] Although some studies have suggested an association between insulin resistance (IR) and an increase in BP during exercise, 15 discordant findings have been reported in the literature. For instance, some have observed a strong relationship between IR and exercise BP, 12, 16 and others have reported modest increases in exercise DBP with increases in IR. 13 One study has, however, observed a relationship among IR, CRF, and obesity (evaluated with BMI and waist:hip ratio) in men with type 2 diabetes mellitus and found an independent association between IR and SBP response to exercise. 17 To the best of our knowledge, no study has yet simultaneously examined the relationship among abdominal obesity, IR, CRF, and BP response to exercise in apparently healthy adults. The aim of this study was to investigate whether the relationship between IR and exercise BP, as well as the relationship between CRF and exercise BP, could be explained by the fact that individuals with IR and/or poor CRF have greater abdominal fat accumulation.
Methods

Study Population
Study participants were apparently healthy men and women who participated in the Québec Family Study. Included in this analysis were 317 participants without diabetes mellitus and without HT at rest for whom we had body composition measurements, position measurements, and data on waist circumference (WC), resting and submaximal exercise BP, CRF, glucose homeostasis measurement, lipid profile, and dietary/physical journals. The study sample included participants from whom we obtained data on body composition, CRF, and glucose homeostasis. The Québec Family Study is a population-based study of French-Canadian families living in and around the Québec City area. The Québec Family Study was approved by the medical ethics committee of Université Laval. Participants were recruited through the media and gave their written informed consent to participate in the study. Only men and women, 18 to 65 years of age, who were not receiving medication for cardiovascular disease, diabetes mellitus, HT, dyslipidemias, or endocrine disorders were considered for the present analyses. The 79 smokers (24.9%) in our cohort were asked to refrain from smoking before their evaluation. Additional details about the Québec Family Study have been reported previously. 18 
Anthropometric and Body Composition Measurements
Height and body weight were measured following standardized procedures. WC was measured using graduated tape while in a standing position. WC was measured as the narrowest circumference of the abdomen, between the iliac crest and the twelfth ribs. 19 
Glucose Homeostasis Measurement
A 3-hour 75-g oral glucose tolerance test was performed in the morning after an overnight fast. Blood samples were obtained in EDTA-containing tubes through a venous catheter placed in an antecubital vein to determine fasting plasma glucose and insulin levels. Plasma glucose levels were measured enzymatically, and plasma insulin levels were measured by radioimmunoassay with polyethylene glycol separation 20 at Ϫ15, 0, 15, 30, 45, 60, 90, 120, 150, and 180 minutes. Areas under the curve for insulin during the oral glucose tolerance test were calculated using the trapezoid method. 21 
CRF Measurement
The CRF of each participant was assessed using a progressive submaximal physical working capacity (PWC) test performed on a modified Monark cycle ergometer (Stockholm, Sweden). Heart rate was measured through an ECG derivation and was recorded during 3 consecutive 6-minute stages with increasing workloads, each separated by 1 minute of free pedalling at the minimal workload of 25 W. The protocol was designed to ensure that each subject would reach a target heart rate between 150 and 170 bpm at the end of the last stage. This allowed for the PWC at a heart rate of 150 bpm to be interpolated. 22 The PWC 150 , defined as the power output at 150 bpm, was then calculated from the linear relationship between heart rate and power output and expressed as kilopound per minute per kilogram (kpm/kg) to take individual differences in body weight into account. Expired air was analyzed with a Beckman Measurement Metabolic Cart to obtain oxygen consumption (V O 2 ) corrected for standard conditions and computed in liters of O 2 per minute. 23 To consider the individual differences in workloads attained at the final stage and body weight, the V O 2 was converted to metabolic equivalents (METs; 1 METϭ3.5 mL O 2 *kg Ϫ1 *min Ϫ1 ) using the following formula: (V O 2 (L/min)*1000)/(weight (kg)*3.5).
Resting Hemodynamic Measurement
Resting BP measurements were taken using standard procedures: in the morning, in the fasting state, and in a semi-inclined position after a 45-minute rest (after an assessment of resting metabolic rate) using a mercury sphygmomanometer (Propper) and an appropriately sizedcuff (Welch Allyn Tycos). Resting BP measurements were taken on the same day as the exercise test. Participants were asked not to smoke for 2 hours before the measurement of their BP. The mean of 2 valid BP measurements was retained.
Exercise Hemodynamic Measurement
We used levels of BP attained at the last stage of the submaximal exercise test. As the workload reached during the final stage of the PWC 150 differed from one individual to another, we used the method described previously by Zanettini et al 24 to quantify the increase in BP adjusted for each individual's working capacity. Hence, we computed the difference between the SBP and DBP from rest to exercise divided by the intensity reached at the end of the last stage of the PWC 150 ( Figure S1 , available in the online Data Supplement at http://hyper.ahajournals.org). The ExSBP and exercise DBP were expressed as SBP or DBP variation per 1-MET increment (in millimeters of mercury per MET).
Analysis of Dietary Intake
Dietary intake was assessed through the use of a 3-day dietary journal, which was completed for 2 weekdays and 1 weekend day. Subjects were asked to record all of the foods and beverages ingested (except water) with the use of a balance and measuring cups and spoons. Subjects received instructions from a nutritionist on the procedures needed to complete the dietary record and to measure food portions. After completion, the record was verified by a nutritionist. Macronutrient and micronutrient intakes were estimated through the use of a computerized version of the Canadian Nutrient File. Macronutrient intakes were expressed in absolute values (in grams) and also as percentages of total energy intake.
Physical Activity Measurement
Daily physical activity level and patterns were evaluated through the use of a 3-day physical activity diary. Subjects recorded the energy expenditure level for each 15-minute period over 24 hours based on activities classified on a 1 to 9 scale, with 1 corresponding with activities of very low energy expenditure, such as sleeping, and 9 to activities of very high energy expenditure, such as running. Based on this information, we estimated energy expenditure with daily physical activities and expressed them as kilocalories per kilogram of body weight to take into account individual differences in body weight.
Statistical Analysis
Data are presented as meanϮSD in Tables and as meanϮSEM in Figures. Baseline characteristics of participants are presented separately for men and women. BP was compared between participants classified on the basis of WC using the most recent cutoffs established by the International Diabetes Federation (Ͻ or Ն94 cm and Ͻ or Ն80 cm for white men and women, respectively) 25 and sex-specific tertiles of insulin area under the curve (AUC) or sex-specific tertiles of CRF. Differences among groups were evalu-ated with a 1-way ANOVA. Pearson correlation coefficients, adjusted for age, smoking, physical activity, and diet, or for a combination of these previous variables and 2 of the 3 cardiometabolic risk markers considered in the present study, were performed to assess the sex-specific relationships between WC, insulin AUC or CRF with BP indices. Stepwise multiple regression analyses were computed to quantify the contribution of cardiometabolic risk markers to the variance in BP indices for the entire sample and for men and women analyzed separately. In this model, we included age, smoking, salt intake, alcohol intake, energy expenditure by kilograms, BMI, WC, insulin AUC, SBP, DPB, and CRF. Statistical analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC).
Results
The study sample included 171 apparently healthy men and 146 apparently healthy women. A total of 71 participants were classified as prehypertensive according to American guidelines on HT. 26 Table 1 presents baseline anthropometric and metabolic characteristics of study participants, as well as resting SBP and DBP and exercise BP at 150 bpm. Mean CRF levels for men and women derived from the PWC 150 test are also shown.
Pearson correlation coefficients for the associations among WC, insulin AUC, CRF, and BP indices before and after adjustment for cardiometabolic risk markers are presented in Table 2 . Table 3 presents the partial and total contributions of the combination of BMI, WC, insulin AUC, age, smoking, salt intake, alcohol intake, energy expenditure, SBP, DBP, and PWC 150 to the variance of ExSBP for the entire cohort and for men and women examined separately. Thus, WC made significant a contribution to the variance of ExSBP in both sexes.
Because WC is a crude clinical marker of intra-abdominal obesity, we have repeated all of the above analyses by replacing WC with a direct measurement of visceral adiposity measured by computed tomography. Essentially similar results were observed using either WC or visceral adipose tissue as the abdominal adiposity variable (data not shown). To determine whether IR is associated with higher exercise BP, we classified men and women on the basis of sex-specific tertiles of insulin AUC and sex-specific WC (Ͻ or Ն94 cm and Ͻ or Ն80 cm for men and women, respectively). Figure  1A shows that individuals with elevated WC had higher values of ⌬SBP per 1-MET increment compared with individuals with low WC, independent of insulin levels. There was no relationship between groups of insulin AUC and WC for ⌬DBP per 1-MET increment ( Figure 1B) .
Finally, to determine whether poor CRF is associated with higher exercise BP, men and women were classified on the basis of sex-specific tertiles of CRF and sex-specific WC (Ͻ or Ն94 cm and Ͻ or Ն80 cm for men and women, respectively). Figure 2A shows that individuals with elevated WC had higher values of ⌬SBP per 1-MET increment compared with individuals with low WC, independent of CRF. However, individuals with high CRF had lower ⌬SBP per 1-MET increment compared with those with low CRF for similar WC. There was no difference between groups of CRF and WC for ⌬DBP per 1-MET increment ( Figure 2B ). 
Discussion
The most important finding of our study is that, irrespective of IR and/or CRF levels, apparently healthy men and women with elevated WC had a more pronounced increase in exercise BP than subjects with a lower WC. Although we did notice that IR and CRF levels were associated with BP indices (especially ExSBP) measured during a submaximal test, our results suggest that such an association could be explained to a large extent by the fact that individuals with IR and/or low CRF levels were also characterized by abdominal obesity. This finding suggests that an increased WC may capture a fair amount of metabolically active visceral fat, which may represent a key "mediating factor" linking low CRF and/or IR to higher ExSBP. The rationale for identifying another potential mediating factor in the relationship between low CRF and incident HT using an intermediate risk marker for HT is that the evaluation of exercise BP combined with abdominal obesity could enable the clinician to identify, at an earlier stage, individuals at increased risk of cardiovascular events. Previous studies have also examined the relationship between IR and exercise BP. In a sample of treated nondiabetic hypertensive individuals, Park et al 27 showed that individuals with an elevated homeostasis model assessment index were also likely to have an exaggerated BP response to exercise, a finding that suggests the contribution of IR to the regulation of exercise BP. 27 This association was also found to be independent of resting BP. 27 Other authors who previously studied IR and exercise BP in normotensive insulin resistant HT-prone subjects, 28 active asymptomatic men, 29 and uncomplicated type 2 diabetic men, 29 observed an increase in exercise DBP with increases in IR. The hypothesis put forward to explain these variations is that there is a close relationship between DBP and peripheral vascular resistance 28 or there is an impaired vascular reactivity combined to higher serum cholesterol concentrations. 29 However, our study only showed a difference in the ExSBP of abdominally obese individuals who were in the highest insulin tertiles. Thus, our study provides evidence that the previously reported association between IR and exercise BP could be explained by the concomitant presence of abdominal obesity. In addition, Brett et al 29 have also suggested that IR was influenced by CRF and that it could partly explain the association between exercise DBP and IR. In a large population of 1411 normotensive and hypertensive women, Kokkinos et al 11 showed that the most important determinants of BP response to exercise were resting SBP and effort duration. 11 After 6 minutes of exercise, SBP was significantly more elevated in women with low CRF, even after adjustment for age, BMI, and resting BP, 11 compared with women with high CRF. Results obtained by Brett et al 29 are similar to our results in that low CRF seemed to be associated with higher ExSBP compared with individuals with high levels of CRF. Kumagai et al 17 studied the relationship of SBP during exercise with IR, obesity, and CRF in men with type 2 diabetes mellitus. Their results showed that changes in SBP during exercise were significantly and negatively associated with glucose tolerance and IR. These findings suggested an independent association between IR and SBP response to exercise. 17 However, they did not find any relationship between ExSBP and markers of adiposity, such as waist:hip ratio, BMI, body fat percentage, and either visceral fat area or subcutaneous fat area. 17 However, this study included only 63 men, all of whom had type 2 diabetes mellitus. It is also possible that the more pronounced impairments in the plasma glucose-insulin homeostasis, such as those observed in patients with type 2 diabetes mellitus, may contribute to deteriorations in hemodynamic parameters, irrespective of adiposity indices.
Several pathophysiological mechanisms linking IR, CRF, abdominal obesity, and exercise BP may contribute to an increased BP response to exercise. Previous studies have shown that arterial stiffness is associated with an exaggerated BP response to exercise, obesity, IR, 30 and poor CRF. 12, 31 One factor typically observed in individuals with IR and/or abdominal fat accumulation is a decrease in NO bioavailability, which could be the result of increased blood glucose and free fatty acid concentrations and an increased superoxide production by adipocytes. 32 This impairment could also be related to inflammation with visceral fat producing several proinflammatory cytokines 14 or the result of an inappropriately elevated cyclic GMP stimulated by NO, therefore impairing vasodilation. 13 It is also plausible that renin-angiotensin-aldosterone system could be involved, because visceral fat secretes renin-angiotensin-aldosterone system mediators, such as angiotensinogen, 14 which is associated with vascular inflammation. Angiotensin also mediates negative cardiovascular effects through the signaling pathways of reactive oxygen species, which amplifies oxidative stress provoked by other agents 33 and has been linked to increases in exercise BP. 34 According to previous work [35] [36] [37] [38] showing the stronger predictive value of WC for incident HT, our results indicate that WC seems to be more closely associated with BP indices than any other obesity indices, such as BMI (Table 3) . Such a conclusion is also consistent with findings from our previous longitudinal study, which indicated that maintaining low levels of visceral adiposity and high levels of CRF were both important targets for the maintenance of a healthy cardiometabolic risk profile (including BP) in apparently healthy individuals. 39 It is important to note that our study population was limited to middle-aged white participants with a relatively low prevalence of HT. This may limit the generalization of our findings to other populations with various ethnicities and with broader age ranges or diseases. 40 In addition, considering that there was no replication sample available, the unique size and characteristics of our cohort may have had an impact on which variables were retained in our model. Also, the possibility of a measurement bias in the assessment of resting BP (only office BP) should be taken into consideration, because ambulatory BP monitoring has been shown to provide more accurate assessment of BP.
In conclusion, these results suggest that abdominally obese individuals are characterized by an elevated SBP response to exercise, irrespective of IR and CRF levels. The evaluation of exercise BP combined with abdominal obesity could enable the clinician to identify, at an earlier state, individuals at increased risk of cardiovascular events.
Perspectives
Based on our findings, we believe that longitudinal and/or intervention studies with specific measurements of IR, CRF, exercise BP, and abdominal obesity are required to properly investigate risk factors of HT and the extent to which the relationship between these parameters is explained by abdominal obesity. Of course, we recognize that the BP response to exercise is not routinely performed in clinical practice for abdominally obese patients, but we hope that our study will raise interest in future studies looking further at this potentially useful marker. Moreover, because of the lack of studies investigating the impact of physical activity and/or CRF levels and other lifestyle interventions, further interventional studies are needed to investigate whether increasing CRF levels and decreasing abdominal obesity will lead to improvements in BP at exercise and, consequently, will decrease cardiovascular disease risk. Identifying cardiometabolic risk factors of HT and the extent to which these risk factors contribute to BP are key to the development of successful BP managing strategies.
